We evaluated a method for performing absolute cell counts of lymphocyte populations with a flow cytometer. In this method, TruCount, test tubes that contain a known number of brightly fluorescent polystyrene beads are provided by the manufacturer. Whole anticoagulated blood is accurately pipetted into the tubes and mixed with fluorochrome-labeled monoclonal antibodies, the erythrocytes are lysed, and this mixture is analyzed on the flow cytometer. Absolute counts of lymphocyte subsets are calculated by determining the ratio of beads to the cell population of interest and then multiplying this ratio by the number of beads in the tube. We found this method to be reproducible. The values we obtained by the TruCount method were 5 to 10% higher than those obtained by conventional methods (flow cytometry and automated hematology) used to determine absolute numbers of cells. We believe that these differences are due to the methods of determining absolute cell counts and not to faulty identification of lymphocyte subsets.
CD4 T-cell levels are commonly measured in human immunodeficiency virus (HIV)-infected patients (12) . CD4 cells comprise the majority of T cells in healthy persons and are responsible for providing help to B cells in the production of antibody, as well as for augmenting immune responses to antigens. Because these cells are essential for maintaining vigorous immune responses, any loss of them is believed to result in the inability of the host to appropriately respond to foreign antigens, thus rendering the host susceptible to infections. Therefore, in cases of HIV infection, CD4 cell levels are believed to be a good measure of the degree of immunosuppression, with lower CD4 cell levels being related to a progressive loss of immune function in the host (6, 10) . In addition, since CD4 ϩ cells are the target of HIV infection, decreases in the number of these cells reflect increases in the rate of HIV replication (4) . CD4
ϩ -T-cell levels are measured by flow cytometry (to determine the percentage of lymphocytes that are CD4 ϩ T cells) and hematology (to determine the number of leukocytes [WBC] in the blood and the proportion of WBC that are lymphocytes [the WBC differential]) (2) . Because this type of measurement requires the results of three separate laboratory tests, the variability of the final measurement is greater than that of a single test. In addition, the hematology measurement methods limit the time in which a specimen can be tested with confidence. Generally, this time limit is 18 to 24 h. The development of new methods for determining absolute numbers of lymphocytes has grown from a desire to limit the number of tests needed to obtain absolute cell counts as well as to extend the time in which the specimen can be tested with confidence.
Single-platform tests for determining the number of CD4 ϩ T cells have included simple technologies dedicated to obtaining absolute numbers for CD4 and CD8 T cells (3, 5, 8, 9) . Recently, tests that permit these measurements to be made directly on clinical flow cytometers have been developed. This study evaluated one of these, the TruCount test (Becton Dickinson Immunocytometry Systems, San Jose, Calif.), which uses tubes containing a known number of brightly fluorescent polystyrene beads. The absolute number of cells is calculated based on the ratio of beads to cells counted in the tube. The advantages of this test are that it does not rely on hematology determinations for an absolute lymphocyte count, is suitable for specimens older than 18 h, and provides percentages as well as absolute numbers of lymphocytes such as CD4 ϩ T cells.
MATERIALS AND METHODS

Patients.
Samples from 81 donors (51 HIV positive and 30 HIV negative) from clinical studies at the University of Medicine and Dentistry New Jersey were assayed. Six donors were Ͻ2 years old, one was 4 years old, one was 12 years old, and the remainder were between 18 and 80 years old. Donors were categorized as having Ͻ200 CD4 ϩ T cells/l (n ϭ 24), 200 to 500 CD4 ϩ T cells/l (n ϭ 22), and Ͼ500 CD4 ϩ T cells/l (n ϭ 35). Whole blood was collected in EDTA, and all tests were performed within 6 h of collection. Samples from an additional nine donors were used for quadruplicate measures. Three each in the categories described above were evaluated. All peripheral blood samples were collected as part of routine clinical evaluations, through patient participation in an institutional review board-approved research protocol, or from the University of Medicine and Dentistry New Jersey laboratory's healthy-donor program.
Hematology. A portion of the blood was divided into two aliquots for hematology testing. One aliquot was tested with a Coulter STKS hematology analyzer (Coulter Electronics, Inc., Hialeah, Fla.) and the other was tested with a Sysmex E-2500 (Baxter Healthcare Corp., McGaw Park, Ill.), which is commonly used in our laboratory. Five specimens had hematology flags (all HIV positive), and in all cases the automated differential was used.
Flow cytometry. For use with the hematology determination for absolute cell counts, a six-tube, two-color panel assay was performed (2) Statistics. To assess the test precision (reproducibility), we calculated the means, standard deviations, and coefficients of variation (CVs) for each set of four replicates. We then averaged the CVs. To compare the TruCount method with hematology and flow cytometry (referred to here as conventional methods), we performed paired t tests to look for differences between methods for all patients as well as the three subsets of patients based on CD4 cell numbers, drew linear regressions and calculated correlation coefficients to determine the relationships between methods, and produced bias plots. These, combined with the paired t tests, were used to evaluate the biases the TruCount method exhibited compared with conventional methods. For one specimen, from a child Ͻ2 years old, the TruCount values were approximately one-half those obtained by conventional methods, and the reason for the discrepancy could not be determined. These values were excluded from analyses by the statistical analysis program. The absolute subset values for a sample from another child Ͻ2 years old were the highest for all subsets (except CD8 ϩ T cells) from any of the donors. These values were included in the analyses but not represented in the bias plots.
RESULTS
Hematology replicate variability.
Percentages and absolute numbers of lymphocyte populations from 81 donors obtained by current technology (flow cytometry plus hematology) and the new bead-based, flow cytometry-based absolute counting system (TruCount) were compared. We evaluated the TruCount system both for its precision of measurement and in comparison with conventional methods. To evaluate reproducibility, four replicate specimens each from nine donors were set up with each assay system. Three donors had CD4 ϩ -T-cell counts of Ͼ500 cells/l, three had 200 to 500 cells/l, and three had Ͻ200 cells/l. First, we compared the precision of the WBC count and differential with either the Sysmex or Coulter hematology instrument. These results were not different between instruments (Sysmex WBC CV ϭ 2.89%, absolute lymphocyte CV ϭ 4.9%; Coulter WBC CV ϭ 1.74%, absolute lymphocyte CV ϭ 4.56%), indicating that variations in the measured analytes were similar. Next, the WBC and absolute lymphocyte values from the hematology instruments were compared with each other. The WBC value determined with the Coulter hematology instrument was slightly higher than that determined with the Sysmex instrument (Coulter ϭ 5,700, Sysmex ϭ 5,628; P ϭ 0.023), the percentage of lymphocytes was lower according to the Coulter instrument (Coulter ϭ 35.2%, Sysmex ϭ 36.3%; P Ͻ 0.001), and the absolute lymphocyte counts were about the same with both instruments (Coulter ϭ 1,926, Sysmex ϭ 1,951; P ϭ 0.11).
Lymphocyte subset absolute-count variability. Because the CV in the absolute lymphocyte count was about 5.0%, additional variability due to replicate subset percentage data made the CV of the absolute lymphocyte subset count Ͼ5.0% (CD3, 5.1%; CD4, 7.1%; CD8, 5.5%; CD19, 6.6%; and CD3
[hematology replicates' absolute lymphocyte count combined with data obtained by three-color flow cytometry]). As determined by using the TruCount method for calculating absolute numbers of lymphocyte populations, the CVs were as follows: CD3, 2.90%; CD4, 5.01%; CD8, 5.22%; CD19, 7.60%; and CD3 Ϫ CD16 ϩ CD56 ϩ , 8.15%. The higher variability of B and NK cells, as measured by the CV, is typical of that found by lymphocyte immunophenotyping: as the proportion of cells measured in the populations decreases, the standard deviation decreases; because these decreases are not proportional, however, the CV increases.
Comparison of lymphocyte percentage data. In the evaluation of current methodology and TruCount, two-color and three-color approaches as well as the derivation of absolute numbers of cells on single-platform (TruCount) and multiplatform (flow cytometry and hematology) tests were compared. An additional difference between the flow cytometry methods is the method used for gating lymphocytes. The two-color method uses light-scattering characteristics of WBC to identify and gate lymphocytes. Then the gate is verified based on CD45 and CD14 fluorescence patterns consistent with lymphocytes as well as the ability of the test to identify all lymphocytes as being T, B, or NK cells ("lymphosum" [11] ). Percent values are corrected for nonlymphocyte contaminants in the gate by dividing the result by the percentage of lymphocytes identified as being bright for CD45 but negative for CD14. TruCount uses CD45 for the third color and identifies lymphocytes based on bright CD45 fluorescence combined with low light scattering. No adjustments are made for lymphocyte purity. (Based on the addition of T-, B-, and NK-cell populations to determine the proportion of lymphocytes within the gate, the lymphosum [11] was 100.1% Ϯ 2.5% for the two-color method and 97.5% Ϯ 2.2% for the three-color method.) As determined by using a paired t test to compare percentages, the CD4 values obtained by the two-color and three-color approaches were not different (P ϭ 0.95); however, the CD3, CD8, CD19, and CD3 Ϫ CD16 ϩ CD56 ϩ results were found to be significantly higher with the TruCount method (CD3, P Ͻ 0.001; CD8, P Ͻ 0.001; CD19, P ϭ 0.038; CD3 Ϫ CD16 ϩ CD56 ϩ , P ϭ 0.002) ( Table 1) . Comparison of absolute lymphocyte subsets. To compare the absolute numbers determined by the TruCount and con- ventional methods for CD3, CD4, CD8, CD19, and CD3 Ϫ CD16 ϩ CD56 ϩ cells, we drew linear regression lines to look for correlations and bias plots to look for biases. Correlations of results for the hematology analyzers were all Ͼ0.99. We found that there was a systematic bias between the TruCount absolute-count data and the data collected by conventional methods ( Table 2 ). Though the differences were small, there also was a bias toward lower counts with the Sysmex hematology analyzer than with the Coulter STKS analyzer. Absolute counts of T cells and T-cell subsets, as well as B cells, were consistently about 10% higher with TruCount than with conventional methods. The NK-cell counts had less or no bias.
The patients were grouped into three categories based on the CD4 values obtained by conventional methods with the Sysmex hematology analyzer (the instrument used routinely in the testing laboratory): those with Ͻ200 CD4 cells/l, those with 200 to 500 CD4 cells/l, and those with Ͼ500 CD4 cells/ l. Paired t tests were performed for each absolute lymphocyte subset value, and the levels of significance are shown in Table  3 . All T-cell subset (CD3, CD4, and CD8) values were statistically greater with TruCount than with conventional methods for patients with CD4 cell levels of Ͻ500 cells/l. Bias plots were constructed by plotting the difference between two methods against the results of one of the methods (Fig. 1) . As CD3 values increased, there tended to be an increase in the bias, so that at lower T-cell levels (Ͻ800 CD3 cells/l) agreement was quite good. However, at higher T-cell levels the results obtained by the TruCount method deviated more from the results obtained by conventional methods, with a systematic bias toward higher values (Fig. 1) . This deviation toward higher TruCount results at higher cell counts was reflected in both the CD4 and CD8 T-cell values. Below 200 CD4 cells/l, agreement was good. However, with higher numbers of CD4 cells (Ͼ200), there was a clear systematic bias for higher results from TruCount. CD8 T-cell levels of Ͻ800 cells/l were fairly evenly distributed above and below a line of agreement; however, at CD8 levels of Ͼ1,200 cells/l, there was a bias for higher CD8 T-cell counts with TruCount. The Band NK-cell populations were randomly distributed around a line of agreement at all levels measured. The range of these results was considerably lower than that of the T-cell populations, however.
DISCUSSION
Conventional methods for counting CD4 cells and other lymphocyte subsets rely on hematology instruments for determining the WBC count and differential. We found the variability of the absolute lymphocyte count to be between 4.5 and 5.0%. Combined with percent lymphocyte subset data, this value is usually 5 to 9%. It is believed that the variability of this measurement (flow cytometry combined with WBC count and differential) could be lowered by using a direct measurement of the number of cells rather than a counting method with multiple steps. Other methods for performing CD4 cell counts require dedicated instruments (5, 8) or kits that measure cell products or characteristics of groups of cells (3, 9) . Recently, methods for measuring cells directly from the flow cytometer have been developed ( . These single-platform methods have many advantages. First, the volume of blood needed is quite small compared with the volume needed for both the hematology and flow cytometry determinations. Second, specimens older than 18 to 24 h (the recommended max- imum time allowed for many hematology instruments) can reliably be analyzed. Last, the variability of a single-platform method should be less than that of any method utilizing three platforms. In the case of TruCount, the variability ranges from about 3% for CD3 cells to about 8% for B and NK cells. This level of variability is slightly less than that of conventional methods. We found that the TruCount absolute T-cell counts were about 10% higher than counts obtained by using either the Sysmex or Coulter hematology counter and flow cytometry. The reason for this is unknown. The biases between the hematology instruments, though not great, reinforce the theory that identification of lymphocytes varies by instrument and method of lymphocyte identification (1). We did not compare other hematology instruments, so we do not know how results obtained with those instruments would compare with the TruCount results. The TruCount method identifies lymphocytes by their CD45 and side-scattering characteristics. The higher absolute numbers of cells identified by this method cannot be due to the inclusion of nonlymphocytes in the lymphocyte gate, because the gate serves as a qualifier for the subset determination. The number of CD4 T cells, for example, could only be decreased, not increased, because of improper gates. Lower numbers of cells, for example, NK cells, may be counted because the CD45 and side scatter lymphocyte gate may have excluded them from the analysis. The TruCount method is absolutely dependent on measuring exactly 50 l of whole blood; counts are calculated on this basis. If the pipette used measured 55 instead of 50 l of whole blood, this could explain the increased values. The pipettes used in this study, however, were carefully calibrated by the manufacturer to deliver 50 l. Another explanation might be that the hematology instruments were measuring inaccurately. That seems unlikely since, though they are located in different laboratories, they performed similarly and the quality control for both instruments was carefully monitored. Finally, the method for measuring lymphocytes in a hematology analyzer is considerably different from that for TruCount. TruCount tubes containing a known number of beads are provided by the manufacturer. While any factors that affect the number of beads in the tubes could have an impact on the final result, we assume that the beads are provided in the numbers indicated on the tubes. Also, the TruCount system is a no-wash system, so cell loss is minimized, and calibrator beads are run on a daily basis to ensure that the flow cytometer is counting correctly. Thus, we are unable to explain why we obtained higher counts with TruCount than with conventional methods.
Laboratories which choose to use TruCount or other systems that generate absolute lymphocyte subpopulation results should carefully compare the new system with conventional methods, looking for biases as well as evaluating performance. When there are consistent biases, the laboratory should either (i) correct all data to account for the biases or (ii) report the values obtained by the new method, with a clear statement that comparison with older methods included a bias, and suggest a correction factor that could be applied to the data. Results obtained by a new laboratory test that are different do not necessarily mean that the new test is in error. The true tests of any laboratory assay are its clinical relevance and how well it performs in helping users make diagnostic medical decisions. Many new single-platform cell-counting methods are currently undergoing clinical trials to determine these capabilities. 
